The complete primary amino acid sequence for the 47-kilodalton (kDa) major integral membrane immunogen of Treponema pallidum subsp. pallidum was obtained by using a combined strategy of DNA sequencing (of the cloned gene in Escherichia coli) and N-terminal amino acid sequencing of the native (T. pallidum subsp. pallidum-derived) antigen. An open reading frame believed to encode the 47-kDa antigen comprised 367 amino acid codons, which gave rise to a calculated molecular weight for the corresponding antigen of 40,701. Of the 367 amino acids, 113 (31%) were sequenced by N-terminal amino acid sequencing of trypsin and hydroxylamine cleavage fragments of the native molecule isolated from T. pallidum subsp. pallidum; amino acid sequence data had a 100% correlation with that of the amino acid sequence predicted from DNA sequencing of the cloned gene in E. coli. Although no consensus sequences for the initiation of transcription or translation were readily identifiable immediately 5' to the putative methionine start codon, a 63-base-pair PstI fragment located 159 nucleotides upstream was required for expression of the 47-kDa antigen in E. coli. The 47-kDa antigen sequence did not reveal a typical leader sequence. The overall G+C content for the DNA corresponding to the structural gene was 53%. Hydrophilicity analysis identified at least one major hydrophilic domain of the protein near the N terminus of the molecule which potentially represents an immunodominant epitope. No repetitive primary sequence epitopes were found. The combined data provide the molecular basis for further structural and functional studies regarding the role of the antigen in the immunopathogenesis of treponemal disease.
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Within the past decade, groups of investigators have begun to characterize on a molecular level the structural components of the bacterium Treponema pallidum subsp. pallidum, the etiologic agent of venereal syphilis (40) . Many of these investigators have sought to identify and to analyze surface-associated or outer membrane proteins of the organism in an attempt to define important immunogens or potential virulence determinants (40, 50) . Specifically, Jones et al. (23) reported that monoclonal antibodies directed against a 47-kilodalton (kDa) antigen of T. pallidum subsp. pallidum possessed treponemicidal activity in the T. pallidum immobilization test and in the in vitro-in vivo neutralization test of Bishop and Miller (9, 23) . Further work demonstrated that this antigen was abundant in T. pallidum subsp. pallidum and highly immunogenic in both human and experimental rabbit syphilis (4, 17, 23) . Evidence suggests that the 47-kDa antigen may have potential as a serodiagnostic antigen and that monoclonal antibodies directed against the 47-kDa antigen may be used for syphilis diagnosis (4, 20, 28, 30, 37, 39, 48) . Infants with congenital syphilis also develop a marked fetal immunoglobulin M response directed specifically against the 47-kDa antigen of T. pallidum subsp. pallidum (14; P. J. Sanchez, G. H. McCracken, G. D. Wendel, K. Olsen, N. Threlkeld, and M. V. Norgard, J. Infect. Dis., in press). Other pathogenic subspecies of treponemes such as T. pallidum subsp. pertenue, T. pallidum subsp. endemicum, and T. carateum all apparently possess cognate 47-kDa antigens (5, 6, 23, 27, 29, 30) ; for example, the predominant serologic response in patients with active pinta data will facilitate identification of important antigenic determinants and the elucidation of the structural and functional properties of the molecule.
MATERIALS AND METHODS
Bacterial strains. The virulent Nichols strain of T. pallidum subsp. pallidum was used as the representative pathogen in this study. It was maintained and cultivated in the testicles of New Zealand White rabbits (without the use of cortisone acetate injections) as previously described (38, 47) . Treponemes were isolated in phosphate-buffered saline by differential centrifugation (47) and were enumerated by dark-field microscopy prior to antigen extraction. E. coli DH5ot (F- (33) was used to harbor M13 derivatives for DNA sequencing analyses.
Plasmids and subcloning into pUC19. Plasmid derivatives were constructed as subclones of pNC81 (12) , which originated from plasmid pMN23 (37) . Plasmids pPH47.1 (containing PstI fragments A and B) (12) and pPH47.2 (possessing PstI fragments A, B, and D) (12) were generated by inserting the 2.3-and 2.36-kilobase partial PstI fragments of pNC81 (12) into pUC19 vector (54) . Plasmid pPH47.4 was made by digesting pPH47.2 with KpnI and recircularization (12) . Plasmid pPH47.5 was generated by digesting pPH47.2 with HindIll and recircularization. Plasmid pPH47.6 was constructed by inserting the 1.35-kb EcoRI fragment of pPH47.2 into pUC19. Plasmid pPH47.7 was made by inserting the 1.1-kb XhoII-EcoRI fragment of pPH47.2 into the BamHI-EcoRI sites of pUC19. In this construction, transcription of the 47-kDa antigen mRNA is initiated from the lac promoter of pUC19. With the exception of pPH47.7, transcription of 47-kDa antigen mRNA was opposite to the direction of the lac promoter in the pUC plasmids. The 47-kDa protein derivatives expressed by pPH47.5, pPH47.6, and pPH47.7 are truncated but contain various numbers of amino acids (i.e., approximately 29, 46, and 8 amino acids, respectively) encoded by the plasmid vector sequence(s). Expression of 47-kDa antigen derivatives by the various plasmids was assessed by immunoblotting expression products with monoclonal antibody 11E3 (23) and rabbit anti-T. pallidum subsp. pallidum antiserum (12, 23) .
Isolation of native 47-kDa antigen from T. pallidum subsp. pallidum by Triton X-114 phase partitioning. Triton X-114 extraction and phase separation of the 47-kDa T. pallidum subsp. pallidum protein was performed as described by Bordier (10) as modified by Radolf et al. (44) . Detergentextracted material was processed in either of two ways. (i) The detergent phase (8 ml) was washed five times by repeated dilution to 28 ml with ice-cold phosphate-buffered saline, followed by mixing, rewarming, and centrifugation at 13 ,000 x g for 2 min (20°C). The proteins in the washed detergent phase were then precipitated overnight at -20°C with a 10-fold volume of cold acetone. (ii) Alternatively, for affinity purification of the 47-kDa antigen prior to hydroxylamine cleavage, the Triton X-114 extract was washed three times in 1 ml of 10 mM Tris-HCl (pH 8.0)-S5 mM NaCl. The washed detergent phase was diluted from 2 to 1% Triton X-114 in the 10 mM Tris-HCl (pH 8.0)-S5 mM NaCl buffer.
One milliliter of ReactiGel 6X (Pierce Chemical Co., Rockford, Ill.) containing 2 mg of monoclonal antibody 11E3 per ml of resin was added batchwise to the diluted detergent phase (12) . The 47-kDa antigen was then affinity purified (12) .
Hydroxylamine cleavage of the native 47-kDa antigen. Purified 47-kDa antigen was dialyzed overnight against 18 liters of distilled H20 to remove guanidine-HCl. The protein was precipitated overnight with 10 volumes of cold acetone (-20°C). Precipitated protein was collected by centrifugation at 13,000 x g for 10 min. The pellet was suspended in 6 M guanidine-HCI-2 M hydroxylamine (HA) (pH 9.0) (11) and was incubated at 45°C for 4 h. The reaction mixture (1 ml) was dialyzed against 1 liter of distilled H20 overnight (4°C). The protein was lyophilized, and about 100 pmol of HA-cleaved 47-kDa antigen was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (22) . The HA-cleaved protein was then transferred to polyvinylidene difluoride membrane (Millipore Corp.) (32) . The three resulting peptide bands were cut out and subjected to N-terminal amino acid sequencing (below).
Amino acid sequencing of the native 47-kDa antigen. Approximately 100 pmol of the 47-kDa protein was subjected to SDS-PAGE (22) and then transferred to Whatman GF/C glass fiber filter paper derivatized with amino propyl groups by the method of Aebersold et al. (1) as modified by Yuen et al. (55) . N-terminal amino acid sequencing was performed on a gas phase sequencer (model 470A; Applied Biosystems) coupled to an on-line high-performance liquid chromatograph (model 120A). Attempts to sequence the N terminus of the intact 47-kDa protein were unsuccessful.
Approximately 500 pmol of the 47-kDa protein was transferred from a 12.5% SDS-PAGE gel to nitrocellulose paper for solid-phase tryptic digestion (2). Peptides were separated by reverse-phase high-performance liquid chromatography on a high-performance liquid chromatograph (model 130A; Applied Biosystems) with a Brownlee RP300 (2.1 x 100 mm) C8 column. Separation was performed in 0.1% trifluoroacetic acid by using a gradient of 0 to 50% acetonitrile over a duration of 120 min at a flow rate of 50 ,ul/min. Peaks were collected manually onto 1-cm disks of Whatman GF/C paper. Cysteine residues were reduced and alkylated (3). Peptides were then sequenced directly.
DNA sequencing of the 47-kDa antigen gene. Selected DNA fragments were ligated to M13mpl8 and used to transfect JM101 cells. Recombinant phages were identified as white plaques on LB plates containing isopropyl-f-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-fi-D-galactopyranoside (X-Gal). The orientations of the inserts were determined by restriction enzyme mapping of the replicative forms of the phage DNA. Single-stranded phage DNAs were purified from the culture supernatants (34) . DNA 
RESULTS
Subclones of the 47-kDa antigen gene. The various subclone derivatives of the 47-kDa antigen gene and the relevant expression products of these derivatives are shown in Fig. 1 . All subclones originated from pNC81 which contains the entire 47-kDa antigen gene and its regulatory region (12) . The first (leftward) PstI site of the D fragment of pNC81 ( Fig. 1) is located 5' to the GC tail used in the original construction of pNC81 (12, 37) . Not shown in Fig. 1 (35) .
Computer analysis revealed at least one perfect inverted repeat and two other areas of the DNA sequence with the potential to form mRNA secondary structures. All are located within the region 5' to the structural gene. Beginning at nucleotide 87, an 8-base-pair inverted repeat (CGTCT CATCATGAGACG) separated by one C G base pair exists which extends to nucleotide 103. An additional potential mRNA stem loop structure having homologies between nucleotides 41 to 66 and 141 to 166 (Fig. 3A) also is present. A third potential stem loop-forming region exists between nucleotides 165 to 182 and 211 to 228; this structure contains the methionine start codon at nucleotide 223 (Fig. 3B) .
Amino acid sequencing of 47-kDa antigen polypeptide fragments. All attempts to sequence the N terminus of the intact 47-kDa protein were unsuccessful; native 47-kDa antigen preparations isolated either by gel electroelution or by purification with Triton X-114 phase partitioning and monoclonal antibody affinity column chromatography therefore appeared to be blocked to Edman degradation. N-terminal amino acid sequences of unfractionated cyanogen bromide cleavage products, however, were concordant with the predicted amino acid sequence for the 47-kDa protein. N-terminal amino acid sequencing also was carried out on individual trypsin and hydroxylamine cleavage fragments of the 47-kDa antigen; Fig. 2 indicates six trypsin fragments and two hydroxylamine fragments of the 47-kDa antigen that were analyzed by N-terminal amino acid sequencing. The trypsin fragments were located from within 16 amino acids of the N terminus of the molecule to within 20 amino acids of the C terminus of the molecule. Of the 367 amino acids identified from the DNA sequence (Fig. 2) Fig. 4 ; a major portion of the protein would appear A number of laboratories have reported that a 47-kDa to be hydrophilic by the given parameters. In particular, one polypeptide represents a major, pathogen-specific protein major hydrophilic domain exists within 25 amino acids of the immunogen of T. pallidum subsp. pallidum (5, 6, 23, 27, 29 will be facilitated by the nucleotide sequence reported in the DNA and protein homology searches were performed by present study. This also is the first major treponemal antigen using the National Institutes of Health GenBank (Sept. 1986 sequenced in which DNA sequencing data has been corrobversion) data bases for bacterial, bacteriophage, and plasmid orated by determination of the amino acid sequence for a vector sequences; no significant homologies were identified. substantial proportion of the purified native protein. The 3' encoding region of the gene contains two stop codons separated by nine amino acid codons. If the first stop codon is used, the discrepancy between the calculated molecular weight (40, 701) and that estimated by SDS-PAGE (47,000) (23) is not inordinate. Therefore, we have elected to retain the "47-kDa" nomenclature in order not to cause confusion in the literature (40) . The existence of the second TAA stop codon may explain a peculiar phenomenon previously reported; namely, the 47-kDa antigen typically migrates as a 47-to 48-kDa doublet on SDS-PAGE gels (12) . Termination may fail occasionally at the first TGA stop codon, thereby allowing the protein to be elongated an additional 10 amino acids. In our hands, the higher-molecular-weight species of the 47-to 48-kDa doublet represents by far the minor component.
An ultimate goal is to relate structure of the 47-kDa antigen with functional and immunologic characteristics. The data obtained in this study provide the molecular basis for elucidation of the respective roles of humoral and cellmediated immune responses to the immunogenicity of the protein during infection by T. pallidum subsp. pallidum. Hydrophilicity analysis revealed at least one major hydrophilic domain near the N terminus of the molecule, which represents a primary candidate as an immunodominant epitope (21) . In support of this, preliminary epitope mapping experiments showed that a vast majority of mouse monoclonal antibodies raised against the 47-kDa antigen react with the N-terminal hydroxylamine cleavage fragment containing this hydrophilic domain; the same was true when human syphilitic or rabbit anti-T. pallidum subsp. pallidum sera was examined for antibody reactivity with the hydroxylamine cleavage fragments of the 47-kDa antigen (Chamberlain et al., unpublished data) . The protein additionally may contain a domain(s) that serves as a polyclonal activator(s) of B lymphocytes (52) . This may partially explain the intense and specific fetal immunoglobulin M response to the 47-kDa antigen in congenital syphilis (14; Sanchez et al., in press). In addition, certain domains may serve as functional T-cell recognition epitopes (8, 31) that promote the activity of cell-mediated immunity and clearance of T. pallidum subsp. pallidum from primary lesions (50) .
There is no doubt that the 47-kDa antigen is an integral membrane protein (12, 44) , but the actual basis for the hydrophobic character of the molecule is not readily apparent from its primary sequence. Its characteristic partitioning into the detergent phase upon Triton X-114 extraction (12, 44, 45) substantiates its overall hydrophobic nature. The existence of multiple hydrophilic domains is compatible with the notion that the 47-kDa antigen can reside in an outer membrane, such as in the case of bacterial porins (36) .
The availability of the entire sequence for the 47-kDa antigen provides additional practical tools. The entire DNA sequence or selected constituent oligonucleotide portions, including synthetic oligonucleotides, may be used as molecular gene probes for the detection of the organism in various tissues and body fluids or both. Knowledge of the amino acid sequence also allows the testing of strategic synthetic peptides to identify and confirm immunodominant B-cell or T-cell epitopes. Synthetic peptides also may be used as the basis for improved treponemal serologic tests and treponemal synthetic peptide vaccines or both (26) .
